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The overall objective of this project is to prepare three-way catalysts that are highly active in a sulfur containing feed. The primary components of the three-way catalysts are the alumina support, the oxygen storage component (ceria-zirconia) and the precious metal catalysts.  Thus, our approach is to apply novel synthetic methods to the preparation of alumina and ceria-zirconia and then compare the catalytic and/or redox properties of our preparations with conventional ones.

We began the project by seeing whether using alumina, prepared in the presence of the chelating agent of 2-methyl, 2,4 pentane-diol, as a support improves catalytic properties.  CO, C3H6, C3H8 oxidation and NOx reduction were studied in a realistic reaction feed containing C3H8 (200 ppm), C3H6 (200 ppm) NOx (500 ppm), CO2 (14%), H2O (10 %), CO (oscillating from 2.64% to 0.50%), O2 (oscillating from 0.5% to 1.57%) and balance N2.  The flow rate was 500 cc/minute and the catalyst weight was 0.1 g and this translated to a space velocity of ~160,000 h-1.  The reaction products were analyzed using an on-line FTIR spectrometer.  In addition to alumina, the other components of the catalyst were ceria (oxygen storage component), NiO (sulfur scavenger component) and Pd (catalytic component).  At a 1% Pd loading, we identified a good catalyst composition as 1% Pd, 4.3 % ceria, 2.5% NiO by varying the loading of ceria from 0 to 4.3% and NiO loading from 2.5 to 6.3% loading.  The fresh catalyst was also subjected to accelerated aging.  This aging procedure included the following two steps:

a) Accelerated thermal aging: exposure of the catalyst at 900 oC for 12 hours to 1000cc/min gas feed containing 10% water and alternating between oxidizing (0.5% O2/N2) and reducing (1% CO/N2) conditions every 10 minutes.

b) SO2 poisoning: subsequent exposure of the catalyst at 200 oC for 1 h to the reaction feed containing 30 ppm SO2.
The fresh and aged catalysts were compared with a commercial catalyst supplied by Johnson Matthey and Company.   Figure 1 shows that the fresh catalyst prepared at Northwestern was more active for CO, C3H8 oxidation, while the commercial catalyst was more active for NO reduction at higher temperature.  The Northwestern catalyst was also more active for C3H6 oxidation (not shown). After accelerated aging, the catalytic activities declined for both our catalyst and the commercial one.  The trend however remained the same, the Northwestern catalyst being better for the oxidation reactions and the commercial one for the NOx reduction.   Although the composition of our catalyst was simple and we had performed only minimal optimization (varied ceria loading from 0 to 4.3% and NiO loading from 2.5 to 6.3%), the catalytic activity was surprisingly good when compared with a commercial catalyst.  Thus, this shows that the catalytic activity is strongly dependent on the synthesis method.

Since catalytic properties are closely related to the redox properties, hydrogen temperature programmed reduction (TPR) was used to characterize these catalysts.  Figure 3 (curves a and b) compare the TPR profiles of redox aged and fresh. 4.3% CeO2-Al2O3 prepared by co-gellation.  For the fresh catalyst (Figure 3 curve b) there was a prominent H2 uptake peak at around 410 oC and there were additional H2 uptake at temperatures as high as 950 oC.  Upon redox aging, the 410 oC peak shifted to slightly lower temperature and the high temperature H2 uptake disappeared.  When Pd was introduced to CeO2-Al2O3 there was a very sharp H2 uptake peak around room temperature due to the reduction of Pd.  Furthermore, Pd enhanced the reducibility of ceria such that the peak maximum was shifted lower by more than 200 oC.  Again, a larger fraction of CeO2 was reduced at lower temperatures in the aged sample (Figure 3 curve c) than the fresh sample (Figure 3 curve d).

The improvement of ceria reducibility with redox-aging was interesting because sintering of ceria was expected with redox-aging and this should lead to a decrease in reducibility.    Thus, efforts were expanded into further investigation of this phenomenon of enhanced reducibility with redox-aging.  Yao et al. (1) reported that CeO2/Al2O3 prepared by impregnation of alumina with ceria salt showed enhanced low temperature reducibility after a treatment consisting of H2 TPR to 900 oC and re-oxidation at 500 oC.   This enhancement in reducibility however disappeared when the  re-oxidation temperature was increased to 850 oC.  This improvement in reducibility upon severe reduction and mild oxidation was not only limited to ceria supported on alumina but was also observed in CeO2-ZrO2, which is the oxygen storage component of the current generation of three-way catalyst.  Fornasiero et al. (2) observed that the reduction peaks of a fresh (500 oC calcination), high surface area, pseudo cubic phase (t”) Ce0.5Zr0.5O2  shifted from 607 and 837 oC to 422 an 577 oC after the sample was reduced and re-oxidized.  The above sample was prepared using a sol-gel preparation.  In contrast, a fresh preparation synthesized using the citrate route (3) did not exhibit such low temperature enhancement in reducibility after redox treatment.  However, when the calcination temperature of the sample prepared using the citrate route was increased to 1000 oC , its redox property was  again improved after redox-aging.  Thus, it appears that the generation of low temperature reducibility in CeO2-ZrO2 is highly dependent on the sample preparation procedure.

The effect of preparation procedure on the reducibility of ceria-zirconia supported on alumina and on the improvement in redox properties upon severe reduction and mild oxidation was systematically investigated.  The four samples investigated were:

CeO2/Al2O3 was prepared by introducing Ce(NO3)3.6H2O (Aldrich 99.99%) to the alumina by incipient wetness impregnation.  The sample was calcined to 700oC for 2 h in air.  The CeO2 loading was 24 wt.%.

ZrO2/CeO2/Al2O3 was prepared by sequential impregnation.  ZrO(NO3)2.nH2O (Alfa Æsar, 99.99%) was impregnated onto the CeO2/Al2O3 and the sample was calcined to 700oC for 2 h in air.  

CeO2-ZrO2/Al2O3 co-impregnated was prepared by impregnating Al2O3 with a solution of ZrO(NO3)2 and Ce(NO3)3 and then calcined at 700oC for 2 h.

CeO2-ZrO2-Al2O3 co-gelled was prepared by sol-gel synthesis. Aluminum isopropoxide was stirred in 2-methyl-2,4 pentanediol at 120oC to effect the substitution of the isopropoxide ligand by the diol.  After completion of ligand exchange, the beaker was cooled to 90oC and water (molar ratio H2O/Al=10/1) was added.  Separately, a solution of cerium acetylacetonate hydrate (Aldrich) and zirconium acetylacetonate (98% Aldrich) in 2-propanol at 90oC was hydrolyzed and condensed using the water in the cerium acetylacetonate hydrate (Ce/H2O=1/6).  Afterwards, the contents of the two beakers were stirred together and allowed to solidify and age at 90 oC for 20 h.  After filtering and drying at 100 oC, the obtained powder was calcined to 700oC in flowing air.

These fresh samples were also examined after they were subjected to redox treatments.  They were reduced in a H2 TPR process and then re-oxidized in oxygen.  When the re-oxidation temperature was 550 oC, the sample thus treated was referred to as R-O550 and when the re-oxidation temperature was 900 oC, the sample was referred to as R-O900.

Table I shows the BET surface areas and the chemical composition of the fresh alumina supported ceria-zirconia catalysts.  They had similar chemical compositions and their surface areas were not too different.  However, their H2 TPR profiles were distinctly different as is shown in Figure 4. In the sequential impregnation sample, the properties of CeO2 were unaffected by the addition of ZrO2 as the TPR profile was identical to that of CeO2/Al2O3 (not shown).  The co-gelled sample had a significantly larger fraction of Ce4+ that can be reduced at low temperature as compared with the other two preparations. 

After a severe reduction (H2 TPR process) and re-oxidation at 550oC (R-O550 sample), the redox properties of all the samples improved (compare Figures 4 and 5).  H2 consumption was absent above 700oC, while there was a significant increase in the amount of reducible ceria below 600oC and the emergence of a new reduction feature at ~350oC.  The co-gelled sample again had significantly better low temperature reducibility than the other preparations.

These differences in the redox properties of the fresh and R-O550 samples of the various preparations can be correlated to the differences in their structures as is shown by the   the XRD patterns in Figure 6 and 7.  Fig. 6A compares the XRD patterns of the fresh samples and Fig. 6B compares the position of their (111) diffractions.  For Fig. 6B, the peak positions were calibrated by comparison with another scan of the sample mixed with a silicon standard.  The γ-Al2O3 diffraction pattern was very broad, but its most intense peak at 2θ = 66.8o was observed for all samples.  The patterns of ZrO2/CeO2/Al2O3 (sequentially impregnated) and CeO2/Al2O3 were those of cubic CeO2.  For the former sample, the position of its (111) diffraction indicated no formation of any solid solution between ceria and zirconia, but at the same time no ZrO2 diffraction peaks were detected.  CexZr1-xO2 mixed oxides were formed by the co-impregnation and co-gelation methods, as indicated by the shift of the (111) peaks to higher angles.  CeO2-ZrO2-Al2O3 co-gelled appeared to be a single phase as the (111) diffraction peaks at 2θ =29.26 o can be fitted with a single Gaussian curve.  The chemical composition of the mixed oxide phase was estimated to be Ce0.55Zr0.45O2 using the plot in figure 8; which was constructed using data compiled from the JCPDS database (4).  The CeO2-ZrO2/Al2O3 co-impregnated sample appeared to consist of two phases (Fig. 6B, curve c).  The major phase was a solid solution of the composition Ce0.7Zr0.3O2 (diffraction peak at 2θ = 28.87o) while the minor phase was ZrO2 rich (2θ = 29.99o). The peak intensities of the co-gelled and co-impregnated samples were much weaker than those of the sequential impregnated sample and CeO2/Al2O3, suggesting either a higher dispersion or a higher degree of disorder of the mixed oxides phase.

The XRD patterns of all the samples changed after TPR and re-oxidation at 550 oC as is seen in Figure 7. No CeO2 diffraction peak was detected for CeO2/Al2O3 and the sequentially impregnated ZrO2/CeO2/Al2O3 (Fig.7, curves a and b).  Instead, the presence of CeAlO3 was now observed as indicated by peaks at 2θ = 33.5, 41.5 and 54.5o. An additional diffraction peak at 30.6o and a shoulder at 31.1o were also observed for ZrO2/CeO2/Al2O3.  These latter peaks, although shifted by 0.3o, were consistent with the presence of tetragonal ZrO2.  For CeO2-ZrO2/Al2O3 co-impregnated, the XRD peaks had broadened.  In fact, the width and asymmetry of the (111) peak suggested that phases of compositions ranging from pure CeO2 (2θ = 28.5o) to pure ZrO2 (2θ = 30.3o) were present in (curve c). In contrast, CeO2-ZrO2-Al2O3 co-gelled after R-O550 still retained symmetrical (111) diffraction peak that was higher in intensities and narrower in peak width.  The peak position was shifted towards higher angles for (curve d). 

Coupling the results of TPR and XRD characterization, it is understandable that the failure to form solid solution of CexZr1-xO2 in the sequentially impregnated sample resulted in its physical and redox properties being identical to those of CeO2/Al2O3.  The strong interaction between ZrO2 and Al2O3, attested by the absence of XRD detectable ZrO2, even after heating to 900 oC in air, is the underlying reason for the failure to form the mixed oxide.  Another consequence of the absence of strong interaction between ceria and zirconia in this sample was the formation of CeAlO3 in the R-O550 sample.  Since CeAlO3 cannot be reduced, its formation impacted negatively on the redox properties of this sequentially impregnated R-O550 sample and the fraction of reducible Ce4+ at low temperatures was the lowest of all three preparations.  Multiple phases of CexZr1-xO2 were present in the fresh co-impregnated sample and the inhomogeneity increased with redox treatment at high temperatures.   These results are in agreement with other reports of CexZr1-xO2/Al2O3 samples of intermediate Zr contents prepared by the co-impregnation method.  These samples also had difficulty in maintaining a single homogeneous phase after high temperature treatment (5, 6, 7, 8).  

The co-gelled preparation procedure was designed to maximize the interaction between ceria and zirconia.  Condensation of the acetylacetonate precursors of cerium and zirconium was allowed to proceed before mixing with the partially hydrolyzed aluminum precursor.  In order to ensure the formation of small clusters of CeO2-ZrO2 on Al2O3, the pre-hydrolysis and condensation of the precursors of cerium and zirconium were controlled by limiting the time and the amount of water.  The addition of the chelating agent, 2-methyl-2,4-pentanediol, moderated the hydrolysis rate of aluminum isopropoxide and made it comparable to the hydrolysis rates of the other two components. In addition, it was previously shown that the addition of 2-methyl-2,4-pentanediol to the synthesis solution resulted in the formation of Al2O3 of unusual thermal stability (9). The advantageous results of using this synthesis method rather than the more conventional impregnation one were clearly seen.  The crystalline phase of ceria-zirconia mixed oxide appeared to be uniform and remained homogeneous even after the R-O550 process.  This strong interaction between ceria and zirconia resulted in the favorable redox properties of this co-gelled preparation.

Figure 9 compares the TPR profiles of the fresh and R-O550 co-gelled samples with that of the R-O900 one.  As mentioned above, the redox property of R-O550 sample was superior to the fresh one.  However, much of the improvement in reducibility was lost when the re-oxidation temperature was increased to 900 oC.  The negative effect of the high re-oxidation temperature was observed for all the different preparations but the co-gelled sample, after the R-O900 process, still had the most favorable redox property.   These changes in the reducibility of the samples after redox treatments can again be correlated with the structural change of the samples.  

One important characteristic of these supported samples was that the ceria-zirconia mixed oxide particle size remained very small despite severe thermal treatments as is seen in Table II.  The average particle size was calculated for the CexZr1-xO2 (111) diffraction using the Scherrer equation (11).    TEM was used to check that indeed the particle sizes were small (Figure 10).  Also consistent with the small particle size was the fact that the laser Raman spectra of the fresh, O900 and R-O900 samples (Figure 11 curves a, c and d) resembled that of the t phase spectra of Yashima et al. (10).  The oxygen in the t polymorph is displaced from the ideal fluorite sites, and this form of CexZr1-xO2 is generally known as a pseudo cubic phase of the Fm3m space group (4). Generally, the t phase is found in the compositional range of 65-80 mol% of CeO2, but Fornasiero et al (2) proposed that the stabilization of this cubic form at low Ce content may be possible for ceria-zirconia of small particle size.

With different redox and thermal treatments, the chemical composition of the crystalline phase changed as is shown in Table II.  The fresh sample heated to 900 oC (O900 sample) was highly crystalline and the chemical composition as determined from XRD was identical to that determined by ICP.  The crystalline phase of R-O550 sample was Zr rich but this enrichment in Zr was decreased for the R-O900 sample.  These changes in the chemical composition with thermal and reduction–oxidation treatments can be correlated to the corresponding modification of the redox properties of these samples after the different treatments.

Figure 12 is a pictorial representation of the changes in the catalyst accompanying the reduction-oxidation and thermal treatments.  There is a large disparity in the ionic radii between Ce3+ (1.1 Å), Ce4+ (0.97 Å) and Zr4+ (0.84 Å).   During TPR, partial segregation of Ce3+ to the surface can occur because its large size cannot be easily accommodated by the crystal lattice of CexZr1-xO2.  Upon re-oxidation at 550 oC, the segregated Ce cations form small amorphous ceria-rich clusters on top of the mixed oxide.  Due to the migration of the Ce cations, the bulk mixed oxide phase was now richer in Zr as was reflected in the chemical composition deduced from the XRD data.  This bulk phase had a high density of defects and this can be seen from the attenuated intensity of the R-O550 laser Raman spectrum (Figure 11, curve c).  These changes in the bulk phase caused H2 consumption to decrease at 577oC and increase at 490 oC.  Similar change in the ratio of the two peaks was observed for the unsupported catalyst and these two peaks had been assigned to the reduction of the bulk structure (2).  The 490oC peak is probably associated with the defect structure.  The emergence of the low temperature peak at 320 oC was not reported for unsupported ceria-zirconia mixed oxide of similar composition (2,12,13).  We assign this peak to the reduction of the ceria-rich phase on top of the crystalline solid.  The assignment of the reduction peak is consistent with the fact that in general, the onset of H2 consumption is at lower temperatures for mixed oxides rich in ceria  (13).  The presence of this easily reducible species in our supported ceria-zirconia is probably because the mixed oxide was able to retain its small particle size under harsh conditions that would have caused extensive sintering in the bulk oxide.  The high surface area of the mixed oxide would be able to support a significant portion of the ceria-rich phase on its surface.  Similarly, the detection of the chemical composition change in the supported sample was again due to the small particle size of CexZr1-xO2.  The migration of a small fraction of Ce to the near surface region would be much more difficult to detect in the huge particles of the unsupported ceria-zirconia.

When the re-oxidation temperature was raised to 900 oC, a significant portion of the surface ceria-rich phase was able to re-integrate into the crystalline phase.  This was reflected in enrichment in Ce in the R-O900 samples as compared with the R-O550 one.  Concomitant with this change in chemical composition, R-O900 sample was much less reducible than the R-O550 sample. The re-integration of Ce into the solid solution also reduced the defect density in the bulk of ceria-zirconia and the laser Raman spectra of the R-O900 sample now showed an intense peak at 465 cm-1, typical of cubic or psuedo cubic phase.  The annealing of the crystalline CexZr1-xO2 also resulted in  a significant decrease in the H2 uptake at 490 oC.

The above explanation for the change in redox properties of CexZr1-xO2 is consistent with all our observations to-date.  Further unequivocal proof of this hypothesis can be furnished by using other characterization techniques.  Ce segregation to the surface in the R-O550 sample may be detected using a combination of TEM-EDEX analysis.  This year, we have learned to do high resolution TEM (see Figure 11).  Unfortunately, the chemical analysis portion of the TEM instrument is not working well and we have to wait for the arrival of the new instrument to complete this portion of the experiment.  Another way to look for formation of ceria rich phase in R-O550 is to perform EXAF.  In this experiment we look for changes in Ce-Ce and Ce-Zr co-ordinations.  We have started these experiments and Figure 13 show some preliminary EXAF spectra of our co-gelled sample.  Additional calibration spectra of known compounds are necessary before we can clearly interpret the data.
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Table I Compositions and Surface Areas of Fresh Catalysts

Catalysts
Surface Area

m2/g
Weight % loading (ICP Analysis)
CexZr1-xO2/Al2O3 

(ICP Analysis)



CeO2
ZrO2


ZrO2/CeO2/Al2O3
142.3
21.8
13.2
Ce0.54Zr0.46O2

CeO2-ZrO2/Al2O3 co-impregnated
124.2
23.0
17.0
Ce0.49Zr0.51O2

CeO2-ZrO2-Al2O3 co-gelled
169.3
23.3
20.7
Ce0.45Zr0.55O2

CeO2-ZrO2-Al2O3 co-gelled, 900oC
138.8
23.3
20.7
Ce0.45Zr0.55O2

Table II Composition, average particle size and X-ray detectable fraction of the CexZr1-xO2 phase in the CeO2-ZrO2-Al2O3 co-gelled sample 

Pretreatment
CexZr1-xO2


2, o

Relative integrated intensity of (111) diffraction
Composition of crystalline fractiona
Particle size, 

nm 
XRD detectable fractionb, %

Fresh
29.26
17.8
Ce0.55Zr0.45O2
5.4
32

O900
29.35
55.2
Ce0.45Zr0.55O2
6.1
100

R-O25
29.58
32.6
Ce0.35Zr0.65O2
6.3
59

R-O550
29.59
35.3
Ce0.35Zr0.65O2
6.4
64

R-O900
29.46
55.2
Ce0.40Zr0.60O2
6.5
100

a  Deduced from the position of the (111) diffraction .

b  Calculated from the (111) diffraction intensity, assuming that 100% of CexZr1-xO2 was XRD detectable in the O900 sample.

Figure Captions

Figure 1: Comparison of fresh activities of a 1% Pd-4.3% ceria-2.5% NiO /Al2O3 ( NWU) catalyst and a commercial catalyst ( JM) for C3H8, CO oxidation and NO reduction. 

Figure 2: Comparison of aged activities of a 1% Pd-4.3% ceria-2.5% NiO /Al2O3 ( NWU) catalyst and a commercial catalyst ( JM) for C3H8, CO oxidation and NO reduction. 

Figure 3: H2 TPR profiles of 4.3% CeO2-Al2O3 : a) redox aged, b) fresh; and 1% Pd/4.3% CeO2-Al2O3 : c) redox-aged, d) fresh.

Figure 4:  H2 TPR profiles of fresh alumina supported ceria-zirconia mixed oxides. 

Figure 5 H2 TPR profiles of R-O550 alumina supported ceria-zirconia mixed oxides.  

Figure 6: XRD patterns of fresh samples: (a) 24% CeO2/Al2O3, (b) ZrO2/CeO2/Al2O3 (sequential) , (c) CeO2-ZrO2/Al2O3 ( co-impregnated) , and (d) CeO2-ZrO2-Al2O3 ( co-gelled)  at 2 range of 20-90 o (A) and of 27-32 o (B).

Figure 7: XRD patterns of R-O550 samples: (a) 24% CeO2/Al2O3, (b) ZrO2/CeO2/Al2O3 (sequential) , (c) CeO2-ZrO2/Al2O3 ( co-impregnated) , and (d) CeO2-ZrO2-Al2O3 ( co-gelled)  at 2 range of 20-90 o (A) and of 27-32 o (B).

Figure 8: Position of the XRD (111) reflection of CexZr1-xO2 versus Ce content.  

Figure 9: H2 TPR profiles of fresh, R-O550 and R-O900 co-gelled CeO2-ZrO2-Al2O3 .

Figure 10: TEM image of R-O900 co-gelled CeO2-ZrO2-Al2O3 sample.

Figure 11: Raman spectra of the co-gelled CeO2-ZrO2-Al2O3 samples: (a) fresh, (b) O900, c) R-O550, (d) R-O900.

Figure 12: Schematic representation of changes of the co-gelled CeO2-ZrO2-Al2O3 sample during the redox process.

Figure 13: EXAF spectra of fresh (O700), R-O550 , R-O900 and O900-R-O550 co-gelled CeO2-ZrO2-Al2O3.
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Figure I
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Figure 2
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Figure 3
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Figure 5 
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